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as paw retraction test, apomorphine-induced rotations, locomo-
tor activity, treadmill locomotion task and forelimb use asym-
metry test6,9).
In rodents, voluntary wheel running task was used to monitor 
both the absolute levels of motor activity and the circadian rhyth-
micity of this activity in many studies13,15,26,27). Numerous factors 
can influence voluntary wheel running behavior in animals20,28). 
Recently, Leng et al.18) used voluntary wheel running task to eval-
uate motor dysfunctions in the 1-methyl-4-phenyl-1, 2, 3, 6-tet-
rahydropyridine (MPTP) mouse model of PD. By blocking the 
de novo DA biosynthesis, they found a reduction of voluntary 
wheel running activity in MPTP-treated mice, which suggested 
that voluntary wheel running task might provide a useful tool 
to assess motor deficits in rodent model of PD.
In the present study, we investigated whether voluntary wheel 
INTRODUCTION
Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder after Alzheimer’s disease21). It is charac-
terized pathologically by the selective and progressive loss of 
dopaminergic neurons in the substantia nigra pars compacta 
(SNc) and the consequent deficiency of dopamine in the stria-
tum16). The dopaminergic deficit causes most of the motor man-
ifestations associated with the disease, including resting tremor, 
rigidity, bradykinesia, gait disturbance and postural instability11). 
The unilateral 6-hydroxydopamine (6-OHDA) rat model has 
been widely used in PD research for decades. The model repro-
duces the major symptoms of PD, including akinesia, posture 
abnormality, tremor and dyskinesia5). Many of motor deficits in 
this model can be measured using various behavioral tests, such 
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running behavior is impaired in the unilateral 6-OHDA rat mod-
el induced by injection of 6-OHDA into unilateral medial fore-
brain bundle (MFB) using a stereotaxic instrument.
MATERIALS AND METHODS
Animals
Twenty-five adult male Sprague-Dawley rats (250–300 g) ob-
tained from the Laboratory Animal Center of the Academy of 
Military Medical Sciences were used in this experiment. Animals 
were housed individually in cages under a room temperature of 
22±2°C with a 12 h light-dark cycle (lights on at 7 a.m.) and were 
handled on a daily basis to familiarize them with handling. Food 
and water were provided ad libitum. 
Surgery
Rats were deeply anesthetized with sodium pentobarbital (50 
mg/kg, i.p.; Sigma-Aldrich Corp., St. Louis, MO, USA). Penicillin 
G Sodium (16000 U per rat, i.m.) was given prior to the surgery. A 
stainless steel infusion guide cannula (23 gauge) was stereotaxical-
ly implanted with the tip placed 2 mm above the right MFB us-
ing the following coordinates : 2.0 mm posterior, 2.0 mm lateral 
and 6.1 mm ventral to the bregma23), to allow injection of 6-OHDA 
later in the experiment. The guide cannula was fixed to the skull 
with three stainless steel screws and dental cement. Each cannula 
was kept patent with a sterile obturator until the time of drug admin-
istration. Rats were allowed to recover from surgery for at least 7 
days before being subjected to the behavioral experiment.
Experimental procedures
In behavioral experiment, rats were placed in a running wheel 
(diameter of drum : 330 mm, width of drum : 80 mm, diameter 
of grid rods : 6 mm, distance between rods : 20 mm), the edge of 
which was symmetrically mounted with four small iron cubes. 
When these iron cubes passed a sensor, they could be detected by 
it. The signals produced by the sensor were recorded and stored 
by the data acquisition software Magnet (Biographics Inc., Win-
ston-Salem, NC, USA). Behavioral testing, which was performed 
under dim light, was videotaped with an infrared camera for off-
line analysis of wheel running behavior. Prior to testing, animals 
were habituated to the running wheel 1 hour per day for 5 days, 
in order to obtain a stable wheel running behavior. Then rats were 
tested for voluntary wheel running behavior per day for 3 days. 
Each behavioral test lasted 1 hour.
After these tests, each rat was lightly anesthetized with sodium 
pentobarbital (20 mg/kg, i.p.; Sigma-Aldrich Corp., St. Louis, 
MO, USA) and received an injection of desipramine hydrochlo-
ride (15 mg/kg, i.p.; Sigma-Aldrich Corp., St. Louis, MO, USA), 
a norepinephrine uptake blocker. Thirty minutes later, 10 μg 
6-OHDA (free base in 4 μL 0.2% ascorbic acid saline solution; 
Sigma-Aldrich Corp., St. Louis, MO, USA) was injected into the 
right MFB of rats in 6-OHDA group (n=17) over an 8-min peri-
od. The injection needle (30 gauges) was left in the cannula for at 
least 5 minutes after the completion of the injection to prevent leak-
ing and allow diffusion of the drug into the MFB. In control group 
(n=8), the corresponding volume of 0.2% ascorbic acid saline 
solution was injected.
Unilateral dopamine (DA) depletion was confirmed with a 
traditional rotation test performed 14 days after 6-OHDA injec-
tions. Each rat was placed in a spherical-shaped behavioral cham-
ber that enabled it to turn freely. The number of contralateral ro-
tation was counted 10 min after administration of apomorphine 
(0.25 mg/kg, s.c.; Sigma-Aldrich Corp., St. Louis, MO, USA) for 
30 min. Animals scoring over 7 rpm (displaying at least 7 full-body 
contralateral rotations per minute) are considered to be success-
fully lesioned4).
After rotation test, voluntary wheel running activity was as-
sessed per day for 10 days in successfully lesioned rats and con-
trol rats. Each test lasted 1 hour. To investigate the long-term ef-
fect of MFB lesion on voluntary wheel running behavior, rats were 
tested on days 39–42 after 6-OHDA lesion.
Immunohistochemistry
Following the behavioral tests, immunohistochemistry was 
performed as described previously22). Briefly, midbrain samples 
were sectioned coronally with a cryostat (CM 1900, Leica, Nuss-
loch, Germany) at a thickness of 30 μm. Sections were collected 
in sequence and were immunostained with mouse monoclonal 
anti-tyrosine hydroxylase (TH) antibody (TH, 1 : 1000; Sigma-
Aldrich Corp., St. Louis, MO, USA). After TH staining, the num-
ber of TH-immunopositive neurons in the SNc was counted bi-
laterally on four adjacent sections between 4.92 mm and 5.04 
mm posterior from the bregma23). For each animal, neuronal 
survival in the SNc was expressed as the percentage of TH-im-
munopositive neurons on the lesioned side, with respect to the 
intact side; this approach was chosen to avoid methodological 
biases due to interindividual differences and is widely used to 
assess the extent of 6-OHDA-induced lesion in the SNc12).
Statistical analysis
The data of behavioral experiment were analyzed offline using 
Microsoft Excel and NeuroExplorer (Nex Technologies, Littleton, 
MA, USA). The following parameters were investigated : the 
number of running bouts, the distance moved in the wheel, aver-
age peak speed in running bouts and average duration from the 
running start to the peak speed. Data obtained from both suc-
cessfully lesioned rats and control rats were used in statistical 
analysis. All values are expressed as mean±standard error of the 
mean. The wheel running parameters were compared using re-
peated measures analysis of variance with testing time as With-
in-Subjects Factor and treatment as Between-Subjects Factor. 
The number of TH-positive cells in both groups was compared 
using independent-samples t-test. Differences were considered 
significant at p<0.05. These statistics were performed using the 
SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).
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RESULTS
Apomorphine-induced rotation test
Ten out of the 17 rats were successfully lesioned after the injec-
tion of 6-OHDA into MFB. The success rate was about 58.8%. 
These rats became bradykinetic and adopted a stooped posture. 
In control rats, no spontaneous behavioral change was observed. 
Administration of 0.25 mg/kg apomorphine hydrochloride (s.c.) 
to control rats 2 weeks after surgery had no obvious effect on mo-
tor behavior. However, in successfully lesioned rats, apomor-
phine hydrochloride produced a reversal of motor dysfunction 
with increased motor activity beginning about 5 min after treat-
ment. Furthermore, apomorphine induced rapid contralateral 
rotations in these rats.
Voluntary wheel running test
In voluntary wheel running behavioral test, a significant inter-
action of treatment×testing time was found in two parameters : 
the number of running bouts [F (16, 256)=4.612, p=0.002] (Fig. 
1A) and the distance moved in the wheel [F (16, 256)=6.700, p= 
0.000] (Fig. 1B). Fifteen to twenty-four days after the treatment, 
the two parameters were significantly decreased in successfully 
lesioned rats compared with control rats (p<0.05). These results 
reflected that successfully lesioned rats showed a reduced volun-
tary wheel running activity. Furthermore, the reduction could 
be observed on days 39–42 after the treatment.
A significant interaction of treatment×testing time was also 
found in the other two parameters : average peak speed in run-
ning bouts [F (16, 256)=8.477, p=0.006] (Fig. 1C) and average 
duration from the running start to the peak speed [F (16, 256)= 
14.472, p=0.000] (Fig. 1D). Fifteen to twenty-four days after the 
treatment, average peak speed was decreased in successfully le-
sioned rats (p<0.05), and average duration from the running start 
to the peak speed was also significantly increased in these rats 
(p<0.05). In addition, these changes could be detected on days 39–
42 after the treatment. These findings might indicate motor defi-
cits in successfully lesioned rats.
In tests before the treatment, there were no significant differences 
in these four parameters between the two groups (p>0.05) (Fig. 1).
Immunohistochemistry
After application of the anti-TH antibody in control rats, our 
Fig. 1. Voluntary wheel running performance during 1 h testing session. The number of bouts (A), the distance moved in the wheel (B), and average 
peak speed (C) were significantly decreased in successfully lesioned rats (n=10). D : Average duration from the running start to the peak speed was 
significantly increased in successfully lesioned rats (n=10). All values are expressed as mean±standard error of the mean. *p<0.05, compared to con-
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data show a large number of TH-positive cells in both sides of SNc 
(Fig. 2A). In contrast, a significant loss of TH-positive cells was 
found in the SNc ipsilateral to the lesion side in successfully le-
sioned rats (Fig. 2B). TH-positive cell counts in the left and right 
SNc are shown in Fig. 2C. The number of TH-positive cells in the 
right SNc was decreased by –91% compared to the left SNc.
DISCUSSION
In the present study, we found that voluntary wheel running 
behavior was impaired in the unilateral 6-OHDA rat model of 
Parkinson’s disease. Successfully lesioned rats showed a decreased 
voluntary wheel running activity. Furthermore, motor deficits 
of these rats could be detected during the task. These behavioral 
changes remained in these rats 42 days after lesion.
Up to date, the animal model of PD that has contributed the 
most in preclinical PD research is the unilateral 6-OHDA lesion 
of the MFB in rats9). Injection of 6-OHDA into unilateral MFB 
can cause a total destruction of A9 and A10 cell groups, resulting 
in near total depletion of DA in the ipsilateral caudate-putamen 
complex (CPu) and parkinsonian-like motor impairments includ-
ing akinesia and sensorimotor deficits5,29). To confirm whether 
the rats are successfully lesioned, typical apomorphine-induced 
rotation test is usually performed2). Only rats displaying rapid con-
tralateral rotations after administration of apomorphine (typically 
over 7 rpm) are considered to be successfully lesioned4).
In this study, ten successfully lesioned rats were obtained from 
seventeen rats. The success rate was about 58.8%. This result is 
consistent with usually reported success rates of 50–70%8). In 
these rats, unilateral DA depletion was further confirmed by us-
ing TH immunostaining of SNc, and we found an extensive loss 
(–91%) of dopaminergic neurons in the SNc on the lesion side, 
which results in postsynaptic supersensitivity in ipsilateral CPu 
and an imbalance in DA activity between the both sides of the 
CPu. When challenged with drugs acting on the DA system the 
rats will rotate away from the side of greater activity30). So, apo-
morphine which is a dopamine agonist induces a rotation con-
tralateral to the lesion side due to the postsynaptic supersensitiv-
ity in ipsilateral CPu.
In addition to drug-induced rotation test, various behavioral 
tests have been designed to evaluate different behavioral deficits 
in the unilateral 6-OHDA rat model including the paw retraction 
test for akinesia, the adjusting steps task for rigidity, the staircase 
test for fine motor control and Morris water escape test for cog-
nitive and sensorimotor impairments9). However, to the best of 
our knowledge, voluntary wheel running behavior has never been 
investigated in the unilateral 6-OHDA rat model. Voluntary wheel 
running is perhaps the most widely reported behavior performed 
by captive animals28). Several species, including rodents, are high-
ly motivated to perform wheel running. Voluntary wheel running, 
which is usually considered as a spontaneous activity, is a highly 
plastic behavior and can be varied or regulated by internal and 
external causal factors28). Here, we found that unilateral 6-OHDA 
lesion of the MFB reduced voluntary wheel running activity in 
rats, which was measured as the number of running bouts and 
the distance moved in the wheel.
The mechanisms underlying this phenomenon are still un-
known. Considering that voluntary wheel running is believed to 
be possibly rewarding or motivation-driven1,25,28) and that dopa-
minergic system plays an essential role in reward, motivation 
and motor function3,14,32), it is reasonable to assume that the de-
crease in voluntary wheel running activity may represent dimin-
ished capacity to initiate movement, decreased motivation to run 
or both. Similar to our findings, previous studies using open-
field test have reported decreased locomotor activity in unilat-
eral 6-OHDA rats with severe DA depletion10,24).
In addition, decreased average peak speed and prolonged aver-
age duration from the running start to the peak speed were ob-
served in successfully lesioned rats. These results might indicate 
Fig. 2. Tyrosine hydroxylase (TH) immunostaining of the substantia nigra 
pars compacta (SNc) in control rats and successfully lesioned rats. A : 
There were a large number of TH-positive cells in both sides of the SNc in 
control rats. B : A significant loss of TH-positive cells was found in the SNc 
ipsilateral to the lesion side in successfully lesioned rats. C : TH-positive 
cell counts in SNc. All values are expressed as mean±standard error of 
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motor deficits in these rats. The motor deficits might include aki-
nesia in the affected limbs and impaired motor coordination be-
tween affected limbs and unaffected limbs. Leng et al.18) recently 
reported that subchronically MPTP-treated mice did not show 
any persistent effects in a running wheel test, despite depletion of 
almost 90% of striatal dopamine. Compensatory mechanisms, 
like the development of supersensitivity17,31) or the increased de 
novo synthesis of D18), have been thought to mask behavioral def-
icits in the subchronic MPTP mouse model. It remains difficult 
to reliably detect behavioral motor equivalent for PD in this 
model8,19). Conversely, the unilateral 6-OHDA rat model is a rel-
atively stable model and shows persistent motor deficits in sev-
eral behavioral tests9). In our study, motor deficits could be detect-
ed in unilateral 6-OHDA rats with severe DA depletion (about 
91% of dopaminergic neurons were lost in lesioned SNc).
Voluntary wheel running test might represent a sensitive tool 
to characterize and quantify motor impairments in the unilateral 
6-OHDA rat model of PD. The task has the advantage that the 
influence of the investigator is largely excluded since the data col-
lection is fully automated. Labour costs for voluntary wheel run-
ning task are likewise minimized because of its high level of auto-
mation. This task might be used in experiments that run through 
a long period of time, because behavioral changes during the task 
could be observed in lesioned rats 42 days after lesion in our 
study. Voluntary wheel running test can also be used together 
with forced wheel running test to investigate the different neural 
mechanisms underlying central motor control between internal-
ly triggered, spontaneous movement and externally triggered, 
forced movement due to the same experimental environment and 
similar running behaviors7).
CONCLUSION 
Our results demonstrate that voluntary wheel running behav-
ior is impaired in the unilateral 6-OHDA rat model. Voluntary 
wheel running test may represent a useful tool to quantify motor 
deficits in this model.
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